ABSTRACT: Our 10 yr study is the first to associate seabirds with oceanic boundaries, or fronts, in tropical oceans. It addresses the semi-permanent Equatorial Front, hereafter 'front', a vertical boundary lying between the South Equatorial Current (SEC) and North Equatorial Countercurrent (NECC) in the eastern tropical Pacific (ETP). We also consider the subsurface, horizontal thermal boundary created by the thermocline. Our study area included the front and the north and south boundaries of the SEC and NECC respectively, between 100 and 145°W. Our data were based on 45 north-south crossings of this area. The intensity of the front differed with season and phase of the El Niño Southern Oscillation (ENSO). Densities of planktivorous seabirds, higher at the front than in the SEC or NECC, increased with front intensity (i.e., during autumn/La Niña). Densities of piscivorous seabirds were unaffected by the front, but were related to depth and intensity of the thermocline. Piscivore densities were highest in the NECC, and higher during spring than autumn. Furthermore, they were higher in the western part of the study area, i.e., when and where the thermocline was deepest and most stratified. We suggest that the difference in patterns observed for the tropical planktivorous versus piscivorous seabirds reflects processes that affect the distribution and availability of their respective prey. Zooplankton are concentrated in the surface layer by physical processes that structure the front. Prey fish, on the other hand, are made available by foraging tuna, which drive them to the ocean surface. As a result, the distribution of the piscivorous seabirds is closely tied to that of schooling surface-feeding tunas, that are most abundant in the NECC. Other studies have shown that tunas spend most of their time near the thermocline. We suggest that this, along with the patterns observed among the piscivorous seabirds, indicate that the tuna's prey aggregate near the thermocline. Specifically, most tropical squid and small fishes perform vertical movements to the surface at night. A deeper thermocline, such as that of the NECC, is likely to be attractive to these animals for hiding during the day (when the tuna and birds forage) because of the lack of light at depth, and because of the enriched O 2 content of the cold-water layer lying immediately below the warmer surface layer. Hence, by searching on a horizontal plane near the boundary created by a deep, well stratified thermal structure, schooling tuna, and thus piscivorous seabirds, are likely to find concentrations of prey more readily than equally abundant prey dispersed throughout a less stratified water column. 
INTRODUCTION
Ocean 'fronts' are regions with marked horizontal gradients in thermodynamic variables such as temperature, density, or velocity (reviewed in Owen 1981) .
Generally of coarse-scale (width = 1 to 100 km) in the open ocean, fronts are also usually characterized by less marked vertical thermal gradients (i.e., lacking a stratified thermocline), by enhanced vertical circulation of cooler, subsurface water and nutrients (cf Woods et al. 1977 , Owen 1981 , and by concentrations of marine organisms (e.g. Olson & Backus 1985 , Schneider 1990 , Franks 1992 .
Seabird abundance and distribution are affected strongly by fronts (see above references and Ashmole 1971 , Brown 1980 , Hunt 1991a ,b, Follestad 1990 , Schneider et al. 1990 , Veit & Hunt 1992 , Veit 1995 , Hunt et al. 1996 , Pakhomov & McQuaid 1996 . Seabirds respond especially to strong fronts , Elphick & Hunt 1993 , although spatial and temporal predictability may be as important as gradient strength (Hunt 1990) .
Fronts are important determinants of prey capture (see reviews by Hunt 1990 , Schneider 1990 ). Two hypotheses have been proposed to account for this: (1) frontal zones enhance primary production, which in turn increases prey supply, and (2) frontal zones concentrate prey into exploitable patches. Results are generally consistent with the second hypothesis (Schneider 1990) , although their relative importance differs with spatial scale of investigation and region of the world's oceans (review by Hunt 1990) . In the open ocean, locations of prey aggregations are unpredictable, and this has important consequences for prey acquisition by seabirds. In contrast, in continental shelf systems, topographically fixed features create physical ocean gradients in predictable locations.
The association between seabirds and fronts has been documented on numerous occasions in polar waters including the Southern Ocean, Bering Sea, and North Atlantic Ocean (cf, Schneider 1982 , Brown & Gaskin 1988 , Hunt 1990 , Veit 1995 , the California boundary current system (Briggs et al. 1987 , Hoefer 2000 , Oedekoven et al. 2001 , and subtropical waters of the Gulf Stream (Haney & McGillivary 1985) . Yet, no studies have focused specifically on this relationship in tropical oceans (Hunt 1990 , Ballance & Pitman 1999 , despite the immense size of this zone and the physical structuring present (cf Wyrtki 1966) .
Here, we used at-sea surveys in the eastern tropical Pacific to investigate seabird associations with the Equatorial Front (Fig. 1) , and the north and south regions of the 2 current systems between which the front lies (the South Equatorial Current and North Equatorial Countercurrent). The geographic location and strength of these currents, and consequently that of the front, differs markedly with season and year (Wyrtki 1966 , Reilly 1990 , Fiedler et al. 1991 , Reilly & Fiedler 1994 ) during different phases of the El Niño Southern Oscillation. We also consider seabird associations relative to the subsurface thermal gradients of the thermocline. Thermocline characteristics also differ considerably among the SEC, NECC, and the front (Wyrtki 1966, present study) . Here we examine and compare patterns of distribution and abundance in 2 feeding guilds of open-ocean seabirds, planktivores and piscivores, in relation to temporal and spatial variation in the intensity of the front and thermocline.
STUDY AREA AND METHODS
Oceanographic variables and seabird surveys. In the equatorial Pacific, easterly tradewinds and Earth's rotation combine to drive surface currents of the SEC away from the Equator (Flament et al. 1996) . The front forms to the north of the SEC where the latter meets the NECC (the SEC and NECC flow west and east, respectively). Depending on season and year, the front is located somewhere between 2 and 5°N, and differs in width from east to west; it is most developed in the eastern Pacific (Wyrtki 1966 , Fiedler et al. 1991 . The 2 basin-scale current systems to the north and south are characterized by sea-surface temperature an salinity, thermocline structure, and phytoplankton content (Wyrtki 1966 , Fiedler et al. 1991 . Specifically, the SEC usually has lower sea-surface temperature (SST), higher salinity and chlorophyll a content, and a shallower, less-stratified thermocline.
We observed seabirds and monitored oceanographic conditions from research vessels during 45 crossings of the front, including 3 to 8 crossings during spring and autumn of each year from autumn 1983 to autumn 1991, and once in autumn 1998. Crossings were made between 100 and 145°W. The seabird data reported herein are from 28 of the 45 crossings. Seabird data from the remaining 17 crossings were excluded either because surveys were not conducted contiguously within waters of the SEC or NECC, or because no front was detected (see next paragraph).
We recognized the front based on changes in seasurface temperature (SST). SST in the NECC is up to 5°C warmer than in the SEC, depending on season, year, and longitude (Wyrtki 1966, present study) . Therefore, we defined the front as the section of latitude where SST changed by 2°C. Specifically, moving south to north, SST at the Equator increased only slightly to latitudes of 1 to 2°N, where it usually began to change rapidly. The latitude where this more rapid change began (i.e., positive inflection in SST as a function of latitude) was considered as the southern boundary of the front, and the latitude where the SST was 2°C warmer than that at the southern boundary was considered as the northern boundary. We considered the front to be 'absent' if the temperature gradient between the SEC and NECC was < 2°C.
For the purpose of this study, the 'SEC boundary waters' were considered as those from the beginning of the front to 2 o latitude south of it. East to west, these surveys were within 2°longitude of that line surveyed when crossing the front. Similarly, surveys of the 'NECC boundary waters' were those from the northern edge of the front to 2°latitude northern of the front, and between a longitudinal area of 2°of the line surveyed when crossing the front. Seabird surveys were conducted using 300 to 600 m strip-transects . Survey strip-width differed, depending on height of the observation platform (10 to 15 m above sea level). We counted all seabirds seen within the survey strip off 1 forequarter of the ship's bow while the ship was underway during daylight. Two to 4 persons conducted the surveys from the flying bridge, with at least 2 on watch simultaneously. Data for each bird sighting included species, number, and behavior (sitting on the water, foraging, or flying in a steady direction). We recorded flight direction to the nearest 10°for birds flying in a steady direction.
Every 0.5 h we recorded the ship's position, speed, course, sea-surface temperature (°C) and salinity (ppt), wind speed (km h -1 ) and wind direction. In 1998, chlorophyll a (mg l -1 ) was also monitored. To monitor thermal structure of the water column, ship personnel conducted expendable bathythermographs (XBTs) and CTDs 6 to 8 times each 24 h. We define 'thermocline depth' as the point where the warm surface layer meets cooler water below, i.e., the shallowest inflection point as determined visually from XBT printouts plotting temperature as a function of depth. We measured 'thermocline slope', or the intensity of the stratification of that layer, as the temperature difference (to the nearest 0.1°C) between the first obvious thermal inflection and a point 20 m below it. If no obvious inflection was present, then the thermocline depth was recorded as zero (i.e. at the surface). A region with strong upwelling or mixing in the water column has a shallow thermocline depth with little thermal stratification; the reverse is true where little mixing is occurring.
To avoid confusion, it should be noted that a front consists of a thermal gradient that is horizontal in nature, although the thermal boundary that it creates is vertical. On the other hand, the thermal gradient of the thermocline is vertical, although the thermal boundary is horizontal. Analyses. We divided the seabird community into 2 feeding guilds. The first (planktivores/small-piscivores, hereafter 'planktivores') included small Pterodroma spp. petrels (mass <180 g), storm-petrels (oceanitids), and phalaropes (Phalaropus spp.); the second (piscivores) included all other species.
To estimate densities, we corrected seabird counts for the effect of flight speed and direction of birds relative to ship speed and course ; flight speeds from Spear & Ainley 1997b) . Without these corrections, densities from at-sea survey data are usually overestimated for birds that fly faster than the vessel and underestimated for birds that fly slower, such as storm-petrels. The correction is also required because any patterns in bird/ship direction will bias analyses. For example, if birds flew north and south at the same speed and in equal numbers, uncorrected counts from a ship transiting north would falsely indicate greater numbers flying south.
We calculated densities for each 0.5 hr transect by dividing the corrected count by the number of km 2 surveyed. Unless noted otherwise, all abundance estimates pertain to corrected counts, with variance given as 1 standard error.
In the following analyses we considered 3 'water types': the SEC, the front, and the NECC, and divided the study area into 2 longitudinal sections: east section, 100 to 120°W; west section, 120.01 to 145°W. We considered 2 seasons: autumn, October through December (upwelling period, see Wyrtki 1966) ; and spring, April through June (non-upwelling period). Following Trenberth (1997), we classified interannual variation in climate into 3 categories pertaining to El Niño Southern Oscillation (ENSO): El Niño, La Niña, and, for all other times, 'normal' ( , respectively. Our data for calculation of the north-south width of the front included 13 crossings during El Niño, 21 crossings during normal periods, and 11 crossings during La Niña. However, because of annual variability in front width in combination with the unequal numbers of crossings for a given year, we used only 1 measurement for each yearseason-section. Hence, we averaged the distances if more than 1 crossing was made during a given year, season, and section. Considering year (10), season (2), and section (2), 40 measurements of front width were possible. However, subtracting for seasons when cruises were not conducted in either section (spring 1983 and 1998 , 4 measurements missed), absence of cruises for the east section during spring 1989 and west section during autumn 1998 (2 measurements missed), and crossings in which no front was detected (7), the sample size for measurements of front width was 27 crossings.
Employing STATA (CRC 1995), we used multiple regression analyses and Sidak multiple-comparison tests (an improved version of the Bonferroni test; SAS Institute Inc. 1985) to compare seabird densities among sections, seasons, and ENSO periods. The sample unit was one 30 min transect. We log-transformed seabird densities to satisfy assumptions of normality (Skewness/kurtosis test for normality of residuals, p > 0.05). Because no planktivores were seen during 467 (39%) of the 1194 transects, and no piscivores during 617 (52%), density estimates included many values of zero. To avoid negative values of log-density, densities were multiplied by 100 and then transformed as the log (density + 1). Experimentation with different modifications (e.g. log [density + 0.5]) showed no appreciable effect of choice of modifications on p-values. All ANOVAs were of the log-transformed density values. Normality of residuals was not achieved in all analyses, but least-squares regression (ANOVA) is considered to be very robust with respect to non-normality (Seber 1977 , Kleinbaum et al. 1988 . Although regression analyses yield the best linear unbiased estimator relating density to independent variables, even in the absence of normally-distributed residuals, p-values at the lower levels of significance must be regarded with caution (Seber 1977) .
In the regression analyses we assigned numbers to different categories of season, east-west sections, ENSO period, and water type. These numbers were: season, (1) spring, (2) autumn; section, (1) east, (2) west; ENSO period, (1) El Niño, (2) normal, (3) La Niña; water type, (1) SEC, (2) front, (3) NECC. Preliminary analyses indicated that relationships between both planktivore and piscivore densities were linearly related across the 3 ENSO categories, so this variable was analyzed as con- 1986 Normal 1984 , 1986 , 1985 , 1989 La Niña 1985 , 1989 1984 , 1998 tinuous. The same was true among piscivores for water type, but not among planktivores. Therefore, we analyzed water types as continuous in analyses on abundance in piscivores, and categorical for planktivores.
RESULTS

Front dynamics
The front was absent during 7 (21%) of the 34 crossings (Fig. 2 ). There was only 1 crossing in which no significant front was evident in the east section, and that occurred during El Niño; those in which the front was absent in the west section occurred during El Niño (40%), normal (37%) periods and La Niña (25% of those crossings).
When present, the width of the front averaged 218 km, SE = 28 (n = 27; range, 0.01 km [autumn 1998 ] to 546 km [autumn 1990]) . A multiple regression model, accounting for 55.4% of the variance in front width, indicated that distance differed significantly depending on ENSO period and season (Table 2) . However, relative to front width, a significant interaction existed between ENSO period and season. In spring, ENSO period had no effect; in autumn, front width was greatest during El Niño and least during La Niña (difference significant between each period, Sidak tests, all p < 0.0001, Fig. 3 ).
Between seasons, front width observed during El Niño, normal, and La Niña periods in spring was similar to front width observed during El Niño and normal periods during autumn (Sidak tests, all p > 0.8). Thus, only the narrow front width observed during La Niña in autumn was significantly different from that recorded during other seasons and periods (Sidak tests, all p < 0.05).
Oceanographic conditions
During the study, oceanographic characteristics of the boundary waters of the SEC and NECC were consistent with those described by Wyrtki (1966) and Fiedler et al. (1991) . The following provides information for comparison with oceanographic properties of the front. total number of crossings between the 2 current systems For a given season, sea-surface temperature differed significantly among each of the 3 water types, being lowest in the northern boundary of the SEC and highest in the southern boundary of the NECC (Sidak tests, p < 0.0001; Fig. 4 ). For a given water type, sea-surface temperature was higher in spring than in autumn. Similarly, sea-surface salinity differed significantly among each of the 3 water types for each season, being highest in the SEC and lowest in the NECC (Sidak tests, p < 0.01, Fig. 4) . Salinity was also significantly higher during spring than autumn in the SEC and front, but there was no significant difference between seasons in the NECC.
During spring, thermocline depth was significantly shallower at the front than in the boundary waters of the SEC and NECC (Sidak tests, p < 0.01, Fig. 4 ), but was not significantly different between the NECC and SEC. During autumn, thermocline depth differed insignificantly between the SEC and front, but was significantly deeper in the NECC than in the latter 2 systems (Sidak tests, p < 0.0001, Fig. 4 ). Thermocline depth was shallower in the SEC and front during autumn than during spring, but was not significantly different between seasons in the NECC.
During spring, thermocline slope differed significantly among water types (Sidak tests, p < 0.001, Fig. 4) . Mixing of the surface layer was greatest in the SEC, least in the NECC, and intermediate at the front. Thermocline slope also differed significantly among the 3 water types during autumn. In that season the difference was due to greater mixing in the front, moderate mixing in the SEC, and least mixing in the NECC. Mixing was greater during autumn than spring for each water type (Sidak tests, p < 0.01).
There were no significant differences in wind speed among the water types during spring (Sidak tests, all p > 0.5, Fig. 4 ). During autumn, however, wind speeds differed significantly among each water type. Speeds were lowest at the front, highest in the NECC, and intermediate at the SEC (Sidak tests, all p < 0.001).
Wind speed was higher during autumn than spring for each water type (Sidak tests, all p < 0.001). In summary, the average sea-surface temperature and salinity at the front was midway between those of the SEC and NECC, and the thermocline was shallower at the front during spring and less stratified during autumn. Thermocline depth at the front (and also in the SEC) was shallowest during autumn.
The front was most developed during La Niña, least developed during El Niño, and stronger during autumn than spring. There was also a tendency for the front to be more developed in the eastern (100 to 120°W) versus western (120 to 145°W) waters of the ETP (see Wyrtki 1966 , for similar conclusions).
Species composition
Five species of planktivores contributed 5% or more of the total individuals recorded at the front and at the boundaries of the SEC and NECC (Fig. 5 ): Leach's and Galápagos stormpetrels (Oceanodroma leucorhoa and O. tethys), and white-winged, blackwinged, and Stejneger's petrels (Pterodroma leucoptera, P. nigripennis, and P. longirostris). Together, these 5 species comprised 91 to 97% of the planktivores seen at each water type. By far the most 280 Fig. 4 . Variation in oceanographic parameters by water type (mean ± SE): northern boundary waters of the SEC (S), front (F), and southern boundary waters of the NECC (N). Data are those recorded during the 1194 seabird survey segments. Sample sizes for SEC, Front and NECC were 128, 100, and 174 during spring and 297, 187 and 308 during autumn, respectively abundant planktivore was Leach's storm-petrel, with 70% of the individuals seen at the front and 61% in the SEC and NECC. The second most abundant planktivore, the Galápagos storm-petrel, comprised 21% of the planktivores recorded in the SEC, 14% at the front, and 9% in the NECC. Species composition differed significantly among the 3 water types. Higher proportions of Leach's stormpetrels occurred at the front; Galápagos storm-petrels at the SEC; and white-winged, black-winged, and Stejneger's petrels at the NECC (G = 72.84, df = 8, p < 0.0001; Fig. 5 ).
The sooty tern (Sterna fuscata), wedge-tailed shearwater (Puffinus pacificus), and Juan Fernandez petrel (Pterodroma externa) were the only avian piscivores that contributed at least 5% of the individuals seen at the front and the boundaries of the SEC and NECC (Fig. 5) . Together, they comprised 85 to 91% of piscivores seen in the 3 water types. Species composition differed significantly among water types (G-test = 722.29, df = 4, p < 0.0001). There was a high proportion of sooty terns in the SEC and front and higher proportions of wedge-tailed shearwaters and Juan Fernandez petrels in the NECC.
Planktivore abundance
The model relating abundance of planktivorous seabirds to water type, ENSO period, season and longitudinal section was highly significant, but accounted for only 8.3% of the variance (Table 3) . Water type and ENSO period both had significant main effects on planktivore density. Higher densities occurred at the front than in the boundary waters of the SEC and NECC (Sidak tests, all p < 0.01; Fig. 6A ); densities did not differ significantly between the SEC and NECC (p > 0.8). Density also declined significantly from El Niño through normal to La Niña periods (Sidak tests, all p < 0.05, Fig. 6B ). Water type and ENSO period, as well as season and section (both insignificant as main effects) each were involved in 1 or more interactions with each other (Table 3 ). The effect of water type on planktivore density interacted with each of the other 3 variables; the effect of ENSO period also interacted with longitudinal section.
The interaction between water type and ENSO period was due to: (1) a significant negative relation between planktivore density and ENSO period in the SEC, indicating that densities in the SEC were highest during El Niño and lowest during La Niña (Table 3 , Fig. 7A) ; (2) a significant increase in density with ENSO period at the front, where densities were lowest during El Niño and highest during La Niña; (3) lack of a significant relationship between density and ENSO in the NECC.
The interaction between ENSO period and section reflected a significant decrease in planktivore density with ENSO period in the east section compared to no relationship in the west section (Table 3 , Fig. 7B ). Thus, densities were highest during El Niño and lowest during La Niña in the eastern section.
The interaction between water type and season reflected the significantly higher densities found during autumn than during spring in front waters, compared to no seasonal differences in both the SEC and NECC (Fig. 7C) .
Finally, the interaction between water type and longitude section was due to significantly higher densities of planktivores in the east vs. west sections in the SEC compared to higher densities in west versus east in the NECC and lack of a significant difference between sections at the front (Fig. 7D) .
In summary, during La Niña, planktivore abundance was low in the SEC and high at the front, where densities were higher during autumn compared to spring. In the east, densities were highest during El Niño, intermediate during normal periods, and lowest during La Niña, but differed little among ENSO periods in the west. Densities were higher in the east than in the west sections of the SEC, the reverse was true for the NECC, but densities differed little between sections at the front.
Piscivore abundance
The model relating abundance of piscivore seabirds with water type, ENSO period, season and longitudinal section accounted for 20.7% of the variance (Table 4) . Each of the 4 covariates had significant main effects on piscivore abundance (Table 4 ). The relationship with water type reflected a significant increase in density from the boundary waters of the SEC through the front to the boundary waters of the NECC (Sidak tests, all p < 0.0001, Fig. 6A ). Differences between ENSO periods were due to higher densities during El Niño compared to normal and La Niña periods (Sidak tests, both p < 0.01, Fig. 6B ); densities did not differ significantly between normal and La Niña periods (p > 0.6). Each of the 4 covariates was involved in 1 or more interactions with another (Table 4 ). The interaction between ENSO period and section was due to a significant increase in piscivore density with ENSO period in the east compared to a significant, opposite relationship in the west section (Table 4 , Fig. 8A ). Thus, densities were highest during La Niña and lowest during El Niño in the east, but highest during El Niño and lowest during La Niña in the west.
The interaction between water type and season reflected the highly significant difference in densities between spring and autumn in the SEC and front waters (densities were higher during spring) vs. a less significant difference in the NECC (Fig. 8B ).
An interaction between season and section reflected an insignificant difference in piscivore densities between seasons in the east, compared to considerably higher densities in spring compared to autumn in the west (Fig. 8C) .
Oceanographic variables related to seabird densities
Of the 9 significant correlations between densities of planktivorous seabirds and oceanographic variables in the study area, 7 occurred during autumn (Table 5) . During El Niño there were no correlations during spring. In autumn, however, planktivore densities increased with decreasing water temperature and increasing thermocline depth. During normal years, densities increased with decreasing thermocline slope during both spring and autumn, and in autumn, they also increased with decreasing sea-surface temperature and wind speed. During La Niña, planktivore densities increased with decrease in thermocline depth in both spring and autumn, and also with decreasing wind speed during autumn. Thus, the general trends during non El Niño years were for higher densities of planktivores in more mixed waters with shallow thermoclines and where wind speeds were lower.
Of the 16 significant oceanographic relationships among piscivores, 7 and 9 occurred during spring and autumn respectively (Table 5) . Of these relationships, 5 occurred in El Niño, 6 during normal periods, and 5 283 ) as a function of season, water type, and section. Interactions between (A) ENSO period and longitude section, (B) water type and season, and (C) season and longitude section. Further details as in Fig. 7 during La Niña. All of the 10 correlations of density with sea-surface temperature and thermocline depth were positive. The 2 correlations with thermocline slope were also positive, and the 2 correlations with sea-surface salinity were both negative. Piscivore densities also increased with decreasing wind speed during El Niño, and with increasing wind speed during normal periods. Thus, there was a general trend for piscivore densities to be higher where sea-surface temperature was high, salinity low, and the thermocline was deep and stratified.
Characteristics of the unusual Equatorial Front during La Niña 1998
The front was particularly sharp when encountered on 11 October 1998, at 3°39' N, 117°39' W ( Fig. 1 ; note that the front in the image is not at this location due to lack of real-time imagery in the satellite composite). The front was visible from a distance of several kilometers due to a change in water color from 'blue' on the NECC side to 'green' on the SEC side, and the presence of appreciable surface turbulence immediately at the front. The front itself appeared to be no more than 10 m wide based on 1.5 m ocean waves of short duration (i.e., very choppy) over the 10 m wide region compared to 0.7 and 0.3 m waves of longer duration, immediately on the NECC and SEC sides, respectively.
Moving across the wave chop from the NECC to SEC, there was an immediate and dramatic change in oceanographic and meteorological conditions: a 2.1°C decrease in sea-surface temperature, a 0.2 ppt increase in salinity, a 5.09 mg l -1 increase in chlorophyll a, and an 11 km h -1 decrease in wind speed (Table 6 ). There was also a 54 m decrease in thermocline depth and a 2.1°C decrease in thermocline slope, indicating considerable decrease in depth and stratification of the thermal layer on the NECC versus SEC sides of the front.
We compared densities among species assemblages encountered on the front with those at the SEC and NECC, based on surveys during 3 d (Table 7) . The surveys on the front were possible after the ship's course was diverted to transit parallel to it, such that the turbulent water area was always within the 300 m-wide survey strip (see 'Study area and methods').
Planktivore densities were significantly higher on the front than on the SEC or NECC sides (Sidak tests, both p < 0.0001, Table 7 ) but were not significantly different between the SEC and NECC sides of the front (p = 0.8). In contrast, densities of piscivores did not differ significantly among the 3 water types (all p > 0.2). In general, these results are similar to those observed when the front was less developed although, for planktivores, the observed abundance was elevated considerably during the 1998 crossing (see preceeding subsection). The sightings of a red-billed tropicbird (Phaethon aethereus) in SEC waters immediately to the south of the front (3°15' N, 116°55' W) and red and red-necked phalaropes (Phalaropus fulicarius and P. lobatus) on the front, represent westward range extensions in equatorial Pacific waters (10°N to 10°S) for each species (Table 8) . Prior to these sightings, the westernmost records in these waters were at 97°37' W (2°11' N),110°08' W (2°23' N), and 81°17' W (4°54' S), respectively (Spear, Ballance, & Ainley unpubl. data) . Thus, the 1998 sightings represent range extensions of 2150, 850, and 4000 km, respectively. Indeed, before 1998, we had not seen the Rednecked Phalarope more than 165 km from shore. 284 Table 5 . Summary results of regression analyses on relationship of log-density (birds 100 km -2 ) of planktivorous and piscivorous seabirds with oceanographic variables in the study area during the 3 ENSO periods. Each independent variable was analyzed as continuous. Signs in parentheses denote signs of the regression coefficient, indicating positive (+) or negative (-) slope; followed by p-values; ns: not insignificant. Sample sizes for each ENSO period/season are given in Fig. 6 legend Sea-surface Thermocline Wind temperature salinity depth slope speed
DISCUSSION
To our knowledge, this is the first study of seabird association with thermal boundaries in tropical oceans, in this case within the 5000 km stretch of waters lying between 100 and 145°W, although the Equatorial Front occurs farther to the east and west.
Planktivores
Planktivores responded significantly to the front. Densities of planktivores, which consisted mostly of Leach's and Galápagos storm-petrels, were significantly higher at the front than in the SEC and NECC waters bordering it. Planktivores had significantly higher abundance at the front during La Niña, when it was most developed, compared to El Niño and normal phases of ENSO. Planktivore densities at the front were also higher during autumn than during spring, consistent with the stronger development of the front during autumn. Schneider et al. (1987) , studying seabirds in the Bering Sea, also found elevated densities associated with those fronts having the 'steepest flow gradients'. In our study, correlations of planktivore densities with shallow, less-stratified thermoclines (i.e., weak themoclines resulting from strong flow gradients) were consistent with this finding. This was particularly evident at the very strong front encountered during La Niña 1998, when planktivore densities were 122 and 61 times greater than in SEC and NECC waters, respectively, on either side of the front. Indeed, the decline in the abundance of planktivores in the NECC and in particular the SEC during La Niña suggests that the increase in abundance at the front during La Niña reflected displacement of birds from the SEC and NECC systems.
285 Table 6 . Changes in oceanographic and climatological variables when passing across front from north to south on 11 October 1998 (La Niña), at 3°34' N, 117°37' W, eastern tropical Pacific. Sea-surface temperature (SST), and salinity (SSS), thermocline depth (TDPT) and slope (TSLP), wind speed (WSP) and chlorophyll a (chl a). Thermocline values from XBT casts 175 (SEC side; 3°34.5' N, 117°37.1' W) and 173 (NECC side; 3°46.7' N, 117°49.8' W). Thermocline slope is the change in water temperature between the beginning of the thermocline and a point 20 m below it Table 7 . Summary statistics on number of species, adjusted number of individuals, and survey effort on the Front, and on the SEC and NECC sides of the Front in October 1998. Comparisons do not include the migrant species Murphy's petrel (Table 8) . Raw numbers of individuals are also given by species in Table 8 Parameter Table 8 . Species and unadjusted number of seabirds recorded at, and on either side of the front in October 1998. Surveys were conducted on 3 d from 10 to 12 October 1998; *species for which sighting represented extralimital occurrence. (See Table 7 However, the apparent displacement of planktivores from surrounding waters to the front during La Niña was a local phenomenon. The front itself occupies only a small area of the ETP compared with the SEC and NECC, and thus the significant decline in planktivore densities in the latter 2 water types indicated an overall decline. Hence, the primary response of these birds appears to have been avoidance (or at least preference for other regions of the Pacific; see next paragraph) of the ETP during La Niña conditions. In summary, planktivores preferred the cooler, wellmixed waters of the front, indicating that abundance and/or availability of their prey was greatest there. Yet, the planktivores were more abundant in the study area during El Niño than during La Niña. We suspect that these paradoxical results reflected the large-scale effects of ENSO. Besides El Niño-related ocean warming and decline in primary productivity in the ETP (and probably the prey of planktivores; Barber & Chavez 1986 , it also impacts ecosystems in other, possibly preferred, parts of the species' pelagic ranges e.g. the waters of the North Pacific (Gould & Piatt 1993) or in the vicinity of the Galápagos Islands (Crossin 1974 , Pitman 1986 . As a result, many planktivores apparently disperse further than normal towards the south or west in search of favorable foraging areas, as noted for other seabird species during El Niño (e.g. Ribic et al. 1992 , Spear et al. 1995 . Increased densities during El Niño in the ETP could also have been related to individuals skipping a year of breeding, or to breeding failures, which could result in changes in the normal dispersal patterns of adults.
On the other hand, during La Niña, the front was probably one of several frontal systems that were strengthened because of increased horizontal transport in the Central Gyre (Ando & McPhaden 1991, Legeckis [see Footnote 1] ). Thus, although planktivore densities increased dramatically at the front, other well-developed fronts were probably available. Candidates include the Subarctic and Subtropical fronts on the north and south boundaries of the Transition zone, and the NECC (north boundary) Divergence and Galá-pagos Island Rifts (see Fiedler et al. 1991 , Gould & Piatt 1993 . Had these been closer to the breeding grounds of Leach's and Galápagos storm-petrels, on the North Pacific Rim and Galápagos Islands respectively, than the part of the front lying between 100 and 145°W, many of these birds could probably have found good foraging locations during their post-breeding dispersal before reaching the study area.
The strengthening of the front during La Niña also acted to extend the ranges of some species typically found in the Peru Current during the nonbreeding period. This was indicated by the recordings of Rednecked and Red phalaropes, and a Red-billed Tropicbird during autumn 1998 at the strong front found at 117°W, 800 to 4000 km west of the previous westernmost recordings known for these species in the equatorial Pacific. Phalaropes are well known for their concentrations at fronts associated with the California (Briggs et al. 1984) , Peru (Brown 1980) and Canary boundary (Brown 1979 , Cadee 1981 currents. In this regard, our observations in the pelagic ETP during La Niña 1998 were probably related to the presence not only of a exceptionally strong front, but also to the propagation of nutrient-rich, boundary current-like waters into the ETP as the result of the increased velocity of the Peru Current merging into the SEC (Fig. 1) .
Piscivores
Like planktivores, piscivores were also most abundant in the study area during El Niño, but, in contrast to planktivores, there was no evidence for an association with the front. Correlations between piscivore densities and oceanographic variables indicated a preference for waters that were warmer and with a deeper, more stratified, thermal structure. Consistent with this finding, not only were piscivore densities higher in the NECC (for similar findings see Gould 1974 , King 1974 , Pitman 1986 , Spear et al. 1995 , but they were also higher during spring than during autumn, and higher in the western versus eastern sections of the study area, when and where the front was weakest. In this regard, the avoidance by tropical piscivores of frontal regions in the ETP is in marked contrast to the patterns observed in studies of piscivorous seabirds foraging in subpolar or polar waters (see 'Introduction').
The affinity of the primary piscivore species in this study (sooty tern, wedge-tailed shearwater, and Juan Fernandez petrel) for the NECC is probably related to the distribution of surface-feeding tuna (yellowfin tuna Thunnus albacates and skipjack Katsuwonus pelamis), on which the birds depend to drive their prey to the surface (Au & Pitman 1986 , Ballance et al. 1997 . Murphy & Shomura (1972) , studying tunas in the ETP, found that the NECC held the highest densities of schooling, surface-feeding tunas, but that tuna found in the SEC fed deeply and in loose groups. These authors suggested that the deep-swimming tunas fed in dispersed schools because their prey are not aggregated, whereas surface-feeding tuna fed in closely-packed schools as an adaptation for exploiting schooling prey.
The above would explain the preference of piscivorous seabirds for the NECC. However, Murphy & Shomura (1972) also suggested that the higher abundance of schooling tunas in the NECC was due to the presence of a larger number of surface fronts in that current system compared to the SEC. This explanation is inconsistent with our findings, because the tunadependent piscivores were less abundant at the front than in the NECC boundary waters.
In view of the above, we wonder if the deeper more stratified thermocline characteristic of the NECC may be important as a mechanism that creates a barrier and/or gathering area for some schooling prey of tunas. Like horizontal structuring (e.g. the front, with cooler waters immediately to the south and warmer waters to the north), strong structuring in the vertical dimension (e.g. a strong thermocline, with warm surface waters lying over a cold deeper layer) also has important consequences for planktonic organisms that concentrate at sharp gradients (reviewed in Hunt 1990, see also Turner & Dagg 1983) . In turn, the distributions of their predators are affected as well. For example, found that the least auklet (Aethia pusilla), a subsurface feeder in the northern Bering Sea, foraged exclusively in vertically stratified water on zooplankton that concentrate at the thermocline. Similar findings also were made by Gould & Piatt (1993) studying seabirds in the central North Pacific. In yet another study, Reilly & Fiedler (1994) found that spinner and spotted dolphins (Stenella longirostris and S. attenuata, respectively), species that regularly associate with surface-schooling yellowfin tuna, are also found in waters with deeper and stronger thermoclines.
In this regard, the majority of schooling prey of tunas are those that typically perform vertical migrations to the ocean surface at night (Olson & Boggs 1986) . A deeper thermocline such as that of the NECC (mean = 72 m in this study) could be attractive to these animals for hiding during the day, because of the lack of light at those depths and because of the enriched O 2 content of the cold water lying immediately below a warmer, well-stratified upper thermal layer. On the other hand, diel moving prey that prefer the warmer surface waters should concentrate just above the thermocline. Hence, by searching on a horizontal plane near the subsurface boundary created by a deep, wellstratified thermal structure such as that of the NECC, schooling tuna may reliably be able to find concentrations of prey that they pursue to the ocean surface and capture more readily than an equally, or more, abundant prey that is dispersed throughout a less-stratified water column. Indeed, studies of the movements and depth distribution of surface-feeding tunas has shown that they spend the majority of their time in or immediately below the thermocline (reviewed in Brill et al. 1999) . This would explain the lower avian piscivore abundance at the front (and SEC) compared to the NECC, as the front had a less well developed thermocline more similar in structure to that of the SEC. In fact, the thermocline was even shallower (spring) and less stratified (autumn) in the front.
Summary
The strong association of planktivorous seabirds with a vertical thermal boundary (the front) was consistent with the associations noted between seabirds and these structures in subpolar and polar waters. Indeed, in both polar (cf Schneider et al. 1987 , Hunt 1990 ) and tropical systems, the stronger the front, the stronger the response of the planktivores. Yet, the spatial scale of frontal systems that have been studied in polar latitudes is several orders of magnitude smaller than that of our study, and the predictability of frontal systems in higher latitudes is also much greater in both time and space than in our study (see references in 'Introduction'). As a result, tropical planktivores, even though they use oceanographic features to locate prey, must rely on proficient flight capabilities to a much higher degree than higher-latitude frontal feeders, as already suggested (Hunt 1988 , Spear & Ainley 1997a , Ballance & Pitman 1999 .
In contrast to the planktivores, there was an absence of any association between piscivorous seabirds and the front. The evidence indicates that tropical avian piscivores rely primarily on surface-feeding tunas, which apparently are associated with the horizontal thermal boundary provided by the thermocline. The latter is much deeper and stronger in tropical versus polar waters, particularly in the North Equatorial Countercurrent (cf Wyrtki 1966) where tropical piscivores are most abundant.
Besides the sharp structuring of the thermocline, another difference in tropical versus polar systems that is probably related to differences in foraging behavior of piscivorous seabirds is differences in water clarity (Ainley 1977) . In the more productive polar system the water is generally more turbid, facilitating greater use of the upper layer (especially during daylight) by prey that frequently aggregate in high densities near the surface in association with sharp vertical structuring (fronts). Thus, the prey are directly available to seabirds. In the case of tropical systems, however, water clarity apparently makes prey (with the exception of volant flying fish, Exocetidae) too susceptible to epipelagic predators to allow them to aggregate in the upper water column during daylight. Although the tropical prey may aggregate at depth in association with vertical frontal boundaries, the results of this study provide additional evidence that yellowfin tuna, and thus their seabird commensals, prefer to search for prey in association with horizontal boundaries, i.e. the thermocline.
The above would make sense when comparing ETP versus polar waters. Besides the stronger horizontal boundary found in the ETP current systems, the vertical boundary created by the front is orders of magnitude weaker (mean distance for 2°C change = 218 km), on average, than at fronts in polar systems (cf Ainley & Boekelheide 1983 , Hoefer 2000 .
